Homeobox genes Gsx1 and Gsx2 (formerly Gsh1 and Gsh2) are among the earliest transcription factors expressed in neuronal progenitors of the lateral ganglionic eminence (LGE) in the ventral telencephalon. Gsx2 is required for the early specification of LGE progenitor cells and recently has been shown to specify different LGE neuronal subtypes at distinct time points. In Gsx2 mutants, Gsx1 compensates, at least in part, for the loss of Gsx2 in the specification of LGE neuronal subtypes. Because no specific phenotype has been described in Gsx1 mutants, it is unclear what role this factor plays in the development of the ventral telencephalon. Here, we used a gain-of-function approach to express either Gsx1 or Gsx2 throughout the telencephalon and found that Gsx1 functions similarly to Gsx2 in the specification of LGE identity. However, our results show that Gsx1 and Gsx2 differentially regulate the maturation of LGE progenitors. Specifically, Gsx2 maintains LGE progenitors in an undifferentiated state, whereas Gsx1 promotes progenitor maturation and the acquisition of neuronal phenotypes, at least in part, through the down-regulation of Gsx2. These unique results indicate that the two closely related Gsx genes similarly regulate LGE patterning but oppositely control the balance between proliferation and differentiation in the neuronal progenitor pool.
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cell cycle kinetics | self-renewal T he proper functioning of the vertebrate CNS depends on the correct assembly of neural circuits containing the appropriate types of neurons produced in the right numbers, at the right time, and in the right place. In the telencephalon, this assembly is achieved by coordinated control of patterning, proliferation, and differentiation of neural progenitors (1) . The molecular mechanisms underlying the orchestration of these processes remain unclear. However, vertebrate homeobox genes, such as Pax6 (2-5) and Emx2 (6) (7) (8) have been shown to play important roles in the control of both patterning and proliferation of dorsal telencephalic progenitors.
Gsx (previously known as Gsh) genes (Gsx1 and Gsx2) represent a family of homeobox genes, which are expressed in discrete progenitor cells of the embryonic brain, including the ventral telencephalon where they govern the early specification of lateral ganglionic eminence (LGE) progenitors (3, 4, (9) (10) (11) (12) (13) (14) (15) . More specifically, Gsx genes are required for the development of striatal projection neurons and olfactory bulb interneurons, which are the two major derivatives of the LGE. Similar to Pax6 and Emx2 in the dorsal telencephalon, Gsx genes are not only required for the patterning of LGE progenitors but also for the control of their proliferative characteristics (3, 4, 14) .
Despite the fact that both Gsx genes are expressed in the LGE and the medial ganglionic eminence (MGE), they display largely complementary patterns of expression. From embryonic day (E) 12.5 and onward, Gsx2 is expressed at a high level in progenitors of the dorsal LGE (dLGE) and relatively lower level in the ventral LGE (vLGE) and MGE progenitors, whereas Gsx1 is expressed mainly in the MGE and vLGE (4, 10, (14) (15) (16) (17) (18) . The graded Gsx2 expression pattern in LGE progenitors has recently been implicated in the distinct neuronal output of the dLGE versus the vLGE (17) . In Gsx2 mutants, the expression of Gsx1 expands throughout the dorsal extent of the LGE (14, 18) . Despite this, however, Gsx1 only partially compensates for the loss of Gsx2 in the development of the Gsx2 mutant striatum and olfactory bulb. To date, no specific telencephalic defects have been reported in Gsx1 mutants (14, 18, 19) and thus the relationship between Gsx1 and Gsx2 function in the developing telencephalon remains unclear. In this study, we have taken a gain-of-function approach to uncover distinct roles for Gsx1 and Gsx2 in regulating patterning and maturation of telencephalic progenitors.
Results
Gsx1 Is Localized to a Subset of Telencephalic Progenitor Cells. Unlike Gsx2 (3, 17, 18, 20) , Gsx1 protein has never been localized specifically in telencephalic progenitors due to lack of a wellcharacterized antibody. Thus, we obtained Gsx1-EGFP BAC transgenic mice from GENSAT (www.gensat.org) and characterized the EGFP-expressing cells using antibodies that recognize either Gsx2 (3) or Gsx1 and -2 (12) at various embryonic stages. At E12.5, EGFP staining in Gsx1-EGFP embryos was most prevalent in the subventricular zone (SVZ) and mantle regions of the MGE ( Fig. 1 A and B) . This expression likely represents perdurance of the EGFP because Gsx2 or Gsx1/2 staining is largely confined to the ventricular zone (VZ) ( Fig. 1 A  and B) . Indeed, scattered EGFP + cells were observed in the ventricular zone (VZ) of both the vLGE and MGE with a concentration near the VZ/SVZ boundary ( Fig. 1 A and B) . Very few of these EGFP + VZ cells were observed to coexpress Gsx2 at any of the embryonic stages examined (Fig. 1 A, C, D , and H). However, Gsx1/2 immunostaining revealed double labeling with EGFP specifically in progenitor cells that were mostly concentrated around the VZ/SVZ boundary of the vLGE (and MGE) at E12.5 (Fig. 1B) as well as at later stages ( Fig. 1 E, F, I , and J). Thus, whereas Gsx2 is detected in most VZ cells throughout the apical-basal axis of the LGE and MGE, Gsx1 marks a subpopulation of cells clustered basally at the VZ/SVZ boundary.
Gsx2 Expression in the Gsx1 Mutant Telencephalon. Previous studies have shown that Gsx2 is expressed in a high dorsal to low ventral gradient in LGE VZ cells (4, 17) (see also Fig. 1 A, C , and G). It remains unclear, however, what mechanism(s) functions to establish and maintain the gradient of Gsx2 expression along the dorsal-ventral axis. The inverse relationship between cells expressing high levels of Gsx2 and those in which EGFP is driven from the Gsx1 BAC (Fig. 1 ) might suggest that these two factors negatively regulate the other's expression. Moreover, the fact that Gsx1-expressing cells cluster at the VZ/ SVZ boundary could indicate that Gsx1 participates in the down-regulation of Gsx2 within VZ cells transitioning to the SVZ. To address this, we have examined the expression of Gsx2 in the Gsx1 mutant telencephalon.
During late stages of embryogenesis, the Gsx2 gradient becomes more refined with dramatic reductions in both the number of Gsx2 + cells as well as its expression per cell in the vLGE and the septum between E16.5 and E18.5 ( Fig. S1 C and E) . In Gsx1 mutant mice, at E16.5, an apparent increase in Gsx2-expressing cells was observed in the vLGE and the septum (Fig. S1D) . At E18.5, we observed a nearly fivefold increase in cells expressing detectable Gsx2 within the vLGE VZ of Gsx1 mutants (average of 92.3 ± 14.4 Gsx2 + cells/section) compared with wild type (average of 19.8 ± 2.1 Gsx2 + cells/section) (n = 4, P < 0.001) (Fig. S1 F and G) and a twofold increase in the septum (average of 112.0 ± 12.1 versus 62.8 ± 6.2 Gsx2 + cells/section, n = 4, P < 0.01) ( Fig.  S1 F and H) . Interestingly, at E13.5, the Gsx2 gradient in Gsx1 mutants does not appear obviously different from that in control embryos ( Fig. S1 A and B) , suggesting that Gsx1 plays a role in maintaining the Gsx2 gradient at late stages of embryogenesis.
Gsx1 Functions Similar to Gsx2 in Specifying LGE Progenitor Cell Fate.
Previous loss-of-function studies have uncovered partially redundant roles for Gsx genes in the regulation of LGE progenitors (14, 18) ; however, such genetic mutant analyses have not been effective in identifying unique roles for Gsx1 or Gsx2. To address this issue, we used a gain-of-function approach using a binary transgenic system to conditionally express Gsx1 throughout the telencephalon, similar to the system our lab recently used to misexpress Gsx2 (17) . We generated tetO-Gsx1-IRES-EGFP (IE) mice (described in SI Materials and Methods) to breed with Foxg1 tTA/+ mice (21) to drive the expression of Gsx1 throughout the developing telencephalon. In line with our previous experiments (17) , we found that Foxg1 tTA/+ ; tetO-Gsx1-IE double transgenic (DT) embryos expressed EGFP throughout the telencephalon as early as E9.5.
Quantitative RT-PCR was used to confirm that Gsx1 is expressed manyfold higher in DT embryos than the endogenous levels in controls (Fig. S2C) . Again, the Gsx1/2 antibody (12) was used to detect the expression of Gsx1 protein in Gsx1 DT and Foxg1 tTA/+ control embryos. At E12.5, the Gsx1/2 antibody revealed robust staining in both the dorsal and ventral telencephalon of DT embryos overlapping with the transgene-driven EGFP ( Fig. 2 B and C) compared with control embryos (Fig.  2A) . The morphology of the DT telencephalon was significantly different from that in the controls ( Fig. 2 and Fig. S3 ). Specifically, the LGE was markedly reduced, whereas the MGE was essentially missing in all Gsx1 DT embryos. Indeed, Nkx2.1 expression in these embryos was never observed to be ectopic and was drastically reduced or missing (Fig. S3D ), similar to that in Gsx2 DT embryos (17) . Remarkably, in all Gsx1 DT embryos, Gsx2 expression was essentially lost ( (Fig. 2D and Fig. S2D ). This result indicates that Gsx1 dramatically down-regulates Gsx2 expression in ventral telencephalic progenitors. Interestingly, in Gsx2 DT embryos, the expression of Gsx1 mRNA in the ventral telencephalon was significantly reduced (Fig. S2 A and B) , which is in accordance with the observed opposing gradients of Gsx2 and Gsx1-EGFP in the LGE (Fig. 1) .
Our recent work (17) found that misexpression of Gsx2 induces ventral telencephalic identity in the telencephalon by upregulating pan-ventral markers, such as Ascl1 and Dlx (Dlx1, -2, -5, and -6) proteins, while repressing dorsal telencephalic regulators, such as Pax6 and Tbr1. In Gsx1 DT embryos, the expression of Pax6 (Fig. 2 H and I) and Tbr1 (Fig. S3F ) was considerably repressed in the dorsal telencephalon, compared with controls ( Fig. 2G and Fig. S3E ). Furthermore, Ascl1 (Fig. 2 K and L) and pan-Dlx (Fig. S3B) were found ectopically expressed in the dorsal telencephalon of Gsx1 DT embryos, unlike the case in controls (Fig. 2J and Fig. S3A ). Thus, Gsx1 misexpression confers generic ventral telencephalic identity similar to Gsx2. However, unlike the case in Gsx2 DT embryos (17) , the VZ of Gsx1 DT embryos, as marked by Ascl1 (Fig. 2K) , pan-Dlx (Fig. S3B) , and Sox2 (Fig. S3H ) is thinner than its counterpart in controls ( Fig. 2J and Fig. S3 A and G) .
Previous studies have shown that the lateral ganglionic eminence (LGE) contains two distinct progenitor domains, the dLGE, which gives rise to olfactory bulb interneurons and the vLGE, which generates striatal projection neurons (4, 22) . The zinc finger transcription factor Sp8 (23) and the LIM homeobox protein Islet-1 (Isl1) (22) are markers of dLGE and vLGE derivatives, respectively. We recently demonstrated that Gsx2 specifies vLGE (i.e., Isl1) identity at early stages of telencephalic neurogenesis and dLGE (i.e., Sp8) cell fates at later time points (17) . To test whether Gsx1 might play a similar temporal role in regulating vLGE versus dLGE fates, we examined Isl1 and Sp8 expression, respectively, in Gsx1 DT embryos at E14.5. Similar to the misexpression results with Gsx2 (17), we found that early (i.e., E9.5 onward) misexpression of Gsx1 resulted in dorsal expansion of the vLGE marker Isl1 with only scattered cells expressing the dLGE factor, Sp8 (Fig. S4 B and D) . As demonstrated in our previous Gsx2 misexpression study (17) , we were able to repress Gsx1 transgene activation until E13, by administering doxycycline (Dox) to the pregnant dam in the drinking water from E7-9. Dox-treated Gsx1 DT embryos examined at E15.5 showed a severe reduction in Isl1 expression within the vLGE and a concomitant expansion of Sp8 expression both within the dorsal telencephalon as well as within the vLGE (Fig.  S4 F and H) . These results are similar to what is observed in Dox-treated Gsx2 DT embryos (17) , albeit less robust. Thus, in agreement with earlier mutant analyses, our gain-of-function results indicate that Gsx1 specifies LGE progenitors similar to Gsx2.
Gsx1 and Gsx2 Differentially Regulate Progenitor Maturation and Proliferation. Given the distinct expression patterns exhibited by Gsx1 and Gsx2 in ventral telencephalic progenitors, we wondered whether each of these factors plays a unique role in the maturation of LGE progenitors. During telencephalic neurogenesis, two proliferative populations exist. The primary proliferative population (24, 25) emerges in the VZ and as development proceeds, a secondary proliferative population (26, 27) that occupies the SVZ arises, which adjoins the VZ. In the telencephalon, both VZ and SVZ cells are mitotically active progenitors (25, 26) . However, SVZ cells are progeny of VZ cells (28, 29) and are thought to be more restricted in their developmental potential. In Gsx2 mutants, the SVZ does not form properly at early stages (i.e., E12.5) (3, 4, 14) ; however, at later developmental stages, Gsx1 expands throughout the entire Gsx2 mutant LGE and this is concomitant with the reappearance of a proliferative SVZ (14, 18) . Thus, the restricted expression of Gsx1 at the VZ/SVZ boundary may function to promote the maturation of VZ progenitors to an SVZ and ultimately neuronal fate.
To test this hypothesis, we first examined the expression of β-III tubulin, an early neuronal differentiation marker, in Gsx1 and Gsx2 DT embryos. We limited our analysis to the dorsal telencephalon, because neither of the Gsx genes is endogenously expressed there and both factors can effectively ventralize these progenitors (Fig. 2, Fig. S3, and ref. 17) . At E12.5 in controls, β-III tubulin staining was confined to the mantle zone throughout the dorsal telencephalon (Fig. 3B ) with very few labeled cells in the germinal zones. Misexpression of Gsx2 in the dorsal telencephalon clearly reduced the intensity of β-III tubulin staining at this stage (Fig. 3A) . Conversely, misexpression of Gsx1 dramatically increased β-III tubulin staining in the mantle region (Fig. 3C ) and even resulted in the appearance of many β-III tubulin + cells within the VZ. These results, therefore, suggest that Gsx2 limits neurogenesis, whereas Gsx1 enhances this process in telencephalic progenitors.
During neural development, the proliferation and differentiation of neuronal progenitors must be tightly balanced through the regulation of the cell cycle (1, 5, (30) (31) (32) and cell survival (33) to ensure the generation of appropriate neuronal fates in the right time at the right place. No changes in cell death, as detected by activated caspase 3 staining, were detected in Gsx1 or Gsx2 DT embryos at E12.5 (Fig. S5) .
Cell cycle lengthening has been closely correlated with the maturation of neuronal progenitor cells and enhanced neurogenesis (31) . During neocortical neurogenesis, cell cycle duration is lengthened from about 8 h at the beginning of neurogenesis to nearly 20 h at the end (34) . To determine whether misexpression of Gsx1 or Gsx2 might cause changes in cell cycle length, we performed a short-term (i.e., 30 min) BrdU pulse together with staining for the cycling progenitor marker Ki67 (see ref. 32 ). Cell cycle length index was determined as the percentage of neuronal progenitors that incorporated BrdU (BrdU + Ki67 + /Ki67 + ) during 30 min of labeling. Reductions in the cell cycle length index are indicative of cell cycle lengthening. Ectopic expression of Gsx1 in the dorsal telencephalon led to a significant reduction in the cell cycle length index (% BrdU + Ki67 + /Ki67 + ) from ≈45% in controls to about 30% at each rostrocaudal level examined (n = 3, P < 0.01) (Fig. 3F) . Conversely, misexpression of Gsx2 had no significant effect on cell cycle length index at any of the dorsal telencephalic levels examined (Fig. 3F ). Of note, BrdU staining in control embryos revealed the typical basal localization of labeled nuclei in S phase (Fig. 3D ) in the developing cortex (35) . However, in Gsx1 double transgenic embryos, BrdU + nuclei were positioned randomly throughout the apical-basal extent of the germinal zone, supporting a deregulation of cell cycle duration (Fig. 3E) . Thus, misexpression of Gsx1 in dorsal telencephalic progenitors significantly increased their cell cycle length.
To examine the balance between cell cycle retention and exit, we performed 24 h BrdU pulse-chase experiments together with Ki67 staining (see ref. 32 ). The cell cycle retention index was determined as the percentage of BrdU + cells that still retained the expression of Ki67 (BrdU + Ki67 + /BrdU + ) 24 h after a BrdU pulse. A high retention index indicates that more cells remain as cycling progenitors. Gsx2 misexpression caused a significant increase of the cell cycle retention index (Fig. 3 G-I ). In the control dorsal telencephalon, the cell cycle retention index ranged from 32% in rostral regions to 27% in more caudal regions compared with 45% at rostral levels and 35% at caudal levels in the Gsx2-expressing embryos (n = 3, P < 0.01) (Fig. 3I) . In this case, Gsx1 misexpression showed no difference in the cell cycle retention index at any of the levels examined (Fig. 3I) . Indeed, in control embryos, many BrdU + Ki67 − cells were seen in the developing cortical plate (Fig. 3G) , which are likely to be postmitotic cells undergoing further neuronal differentiation. In Gsx2 DT embryos, however, the number of BrdU + Ki67 − cells in the region of the cortical plate was severely reduced, with most BrdU + cells remaining in the VZ (Fig. 3H) . In summary, Gsx1 misexpression leads to a lengthening of the cell cycle in telencephalic progenitors thus promoting neurogenesis (31), whereas misexpression of Gsx2, at least partially, maintains cells as dividing progenitors, thus expanding the progenitor pool.
In Vitro Differentiation Assay and Clonal Analysis of Progenitors
Misexpressing Gsx1 and Gsx2. To further address the roles of Gsx1 and Gsx2 in the maintenance of the progenitor pool, we generated neurosphere cultures from control, Gsx1, and Gsx2 DT embryos at E12.5. As was the case in vivo, only neurospheres grown from DT embryos expressed the transgene-driven EGFP (Fig. 4 A and B) .
To examine neuronal differentiation, primary neurospheres were dissociated to single cells and grown in differentiation medium for 5 d. Sox2
+ staining was used to identify the neural stem/progenitor cell population, whereas neuronal production was detected by β-III tubulin staining. Compared with controls, Gsx2-expressing cells showed a significant reduction in neuronal differentiation in both the cortical (−40%; Fig. 4 D, F , and G) and LGE cultures (−30%; Fig. 4H ) (n = 3, P < 0.01). Moreover, the proportion of Sox2 + cells remaining in the differentiation cultures was higher in the Gsx2-expressing cultures than in the controls from either the cortex (+20%; Fig. 4 C, E, and G) or the LGE (+19%; Fig. 4H ) (n = 3, P < 0.01). Unlike the Gsx2-expressing cultures, those expressing Gsx1 did not show any change in the proportion of β-III tubulin + neurons or Sox2 + cells compared with controls (Fig. S6) .
Our in vivo data demonstrated that misexpression of Gsx2 (but not Gsx1) increases the number of progenitors that remain in the Data shown are the mean ± SEM (n = 3); Student's t test, Gsx2 DT cortex β-III tubulin/DAPI: P < 0.001; Gsx2 DT cortex Sox2/DAPI: P < 0.001; Gsx2 DT LGE β-III tubulin/DAPI: P < 0.01; Gsx2 DT LGE Sox2/DAPI: P < 0.01. (I) Quantification of secondary sphere formation in clonal assays. Values were expressed as percentage of control set to 100%. Data shown represent the mean ± SEM (n = 3 for Gsx2 DT; n = 5 for Gsx1 DT); Student's t test, Gsx2 DT cortex: P < 0.05; Gsx1 DT cortex: P < 0.05; Gsx1 DT LGE: P < 0.01. (J) A model showing the proposed roles of Gsx genes in the maturation of LGE progenitor cells.
cell cycle, suggesting that Gsx2 might function, in part, to maintain neural stem/progenitor identity in LGE cells. The capacity for self-renewal is a hallmark of neural stem/progenitor cells (36) . To examine self-renewal of neurospheres expressing either Gsx1 or Gsx2, single cell suspensions were prepared from primary neurospheres at a clonal density and cultured until secondary spheres were formed (37) . Compared with control cultures, Gsx2 misexpression enhanced the formation of clonally generated secondary spheres that were derived from the double transgenic cortex by 243% from controls (n = 3, P < 0.05); however, the LGE cultures overexpressing Gsx2 did not show a significant change in the formation of secondary spheres (Fig. 4I) . In contrast to Gsx2, expression of Gsx1 significantly reduced secondary sphere formation in cultures that were derived from both the DT cortex (77% of control; n = 5, P < 0.05) and LGE (66% of control; n = 5, P < 0.01) (Fig. 4I) . These in vitro results, therefore, indicate that Gsx1 and Gsx2 oppositely regulate the self-renewal capacity of telencephalic progenitors and provide further evidence that these two factors differentially regulate the balance between proliferation and differentiation in telencephalic progenitors.
Discussion
In this study, we provide unique data concerning the cellular expression of Gsx1 in progenitors of the ventral telencephalon. Our data indicate that Gsx1 and Gsx2 exhibit complementary expression patterns on two different axes, namely the apicalbasal and dorsal-ventral axes. Here we show that Gsx1 is found in a subset of progenitors concentrated basally at the VZ/SVZ border of the vLGE and MGE. Additionally, Gsx1 expression appears to be complementary to the previously described high dorsal to low ventral expression of Gsx2 within the LGE (4, 17) . Although previous loss-of-function studies have indicated partially redundant roles for Gsx genes in the specification of LGE progenitors (14, 18) , the distinct expression patterns revealed here suggest that unique roles for Gsx1 and Gsx2 in the regulation of LGE progenitor development may exist. Using a gainof-function approach, we show that Gsx1 can regulate LGE specification in a manner similar to that previously observed by Gsx2 (17) . However, our data also revealed that Gsx1 and Gsx2 regulate progenitor maturation oppositely, with Gsx2 maintaining telencephalic progenitors in an undifferentiated state and Gsx1 promoting progenitor maturation toward neurogenesis.
The expression of Gsx2 at both the mRNA and protein level has been thoroughly examined (3, 17, 18, 20) . However, the specific cellular expression of Gsx1 protein has not been described due to the lack of a well-characterized antibody. Our previous study found that Gsx1, as detected by Gsx1/2 antibody (12) , is expressed by a subset of progenitors in the Gsx2 mutant LGE, which are concentrated basally at the VZ/SVZ boundary (16) . Using Gsx1-EGFP BAC transgenic mice (together with the Gsx1/2 antibody), we show here that, even in wild-type embryos, Gsx1-expressing progenitors of the vLGE and MGE appear to be clustered at the VZ/SVZ boundary. This is quite distinct from Gsx2, which is expressed to some level in most cells throughout the apical-basal extent of the VZ. Interestingly, Gsx1 is expressed in regions of the ventral telencephalon where Gsx2 is found at moderate to low levels (i.e., vLGE and MGE). Moreover, our findings indicate that the loss of Gsx1 gene function results in increased numbers of Gsx2 cells within the VZ of the vLGE, at late stages of embryogenesis. This is in line with our results showing that overexpression of Gsx1 throughout the telencephalon essentially abolishes Gsx2 expression and suggests that Gsx1 may function as a repressor of Gsx2 gene expression. Thus the Gsx2 gradient within the LGE, at least at late stages of embryogenesis, appears to be maintained by Gsx1. Moreover, the cross-talk between Gsx genes may play essential roles in the ultimate differentiation capacity of LGE progenitors.
Some redundancy between Gsx1 and Gsx2 gene function in the specification of the ventral telencephalic identity has previously been suggested by studies in Gsx mutants (14, 18) . Our results here, using a gain-of-function approach, support these findings and indicate that ectopic Gsx1 imparts ventral identity on dorsal telencephalic progenitors in a manner very similar to that of Gsx2 (17) . Moreover, misexpression of Gsx1 appeared to promote vLGE and dLGE specification with a similar temporal profile to that recently shown in Gsx2 gain-of-function studies (17) . It is not surprising, however, that Gsx1 would regulate patterning similar to Gsx2 because their consensus DNA binding sites are quite similar (9, 10) .
The apparent accumulation of Gsx1-expressing progenitors at the VZ/SVZ boundary suggests that this factor may participate in the transition of VZ cells to the SVZ, ultimately leading to their differentiation within the mantle. In accordance with this notion, misexpression of Gsx1 led to an increase in neurogenesis in vivo. We did not see an increase in neurogenesis within Gsx1-expressing cultures; however, this assay may be too rapid to accurately determine the effect of Gsx1, in vitro. In fact, the number of neurochemically defined neurons in the control cultures was already maximal at 2 d in vitro. Conversely, overexpression of Gsx2 reduced neurogenesis both in vivo and in vitro. It should be mentioned, however, that the levels of Gsx1 and Gsx2 in the respective DT embryos are considerably higher than their endogenous levels (Fig. S2 ) and thus could result in nonphysiological consequences. However, we do not believe that this is the case, because Gsx proteins bind to similar DNA sequences (9, 10 ) and yet the overexpression of Gsx1 and Gsx2 leads to opposite effects on progenitor maturation. These opposing roles for Gsx genes in LGE progenitors are in line with the observed phenotype in Gsx2 mutants (14, 18) . Although Gsx1 can restore the molecular identity of progenitors within the Gsx2 mutant LGE, it remains considerably smaller than a wild-type LGE and the resulting striatum is less than half the normal size (18) . This suggests that Gsx1 can specify LGE progenitors similar to Gsx2 but that it does not expand the LGE progenitors to the same extent.
In fact, the first evidence suggesting that Gsx genes differentially control LGE progenitor maturation was that Gsx1 DT embryos exhibited less prominent ventral elevations (i.e., MGE and LGE) and a thinner telencephalic VZ, unlike that observed in Gsx2 DT embryos (17) and controls. Our gain-of-function approach was necessary to uncover this unique role for Gsx1, because Gsx1 mutants do not display overt telencephalic phenotypes (14, 18, 19) . It must be, therefore, that other factors can substitute for the absence of Gsx1 in driving the differentiation of LGE progenitors. In this respect, Ascl1 (Mash1), which is known to play an important role in LGE progenitor maturation (38, 39) , is required for the partial compensatory role of Gsx1 in the Gsx2 mutant telencephalon (16) .
To uncover the cellular mechanisms underlying the differential regulation of progenitor maturation by Gsx genes, we used in vivo cell cycle kinetic studies to examine cell cycle length and exit as well as in vitro neurosphere assays for self-renewal capacity. Our data show that Gsx1 misexpression leads to lengthening of the cell cycle, whereas Gsx2 misexpression had no effect on this parameter. Cell cycle lengthening correlates well with progenitor maturation during neocortical neurogenesis (31, 34) . A longer cell cycle is thought to increase the time during which cell fate determinants can act, particularly in G1, thereby increasing the chance that the cell will undergo neurogenesis versus remaining as a cycling progenitor (31) . Thus the increased cell cycle length induced by misexpression of Gsx1, correlates well with the enhanced neurogenesis observed.
Cell cycle retention is obviously an important characteristic of neural stem/progenitor cells and an essential aspect of generating the correct number of differentiated progeny (e.g., neurons) or the appropriate size of brain structures (32, 36) . Unlike Gsx1, Gsx2 misexpression decreased the proportion of cells exiting the cell cycle. Our in vitro results using neurosphere culture demonstrate opposing effects of Gsx1 and Gsx2 on the self-renewal capacity of telencephalic progenitors. Whereas Gsx2 increased the self-renewal capacity of neurospheres derived from the dorsal telencephalon (but not the LGE where Gsx2 is endogenously expressed), Gsx1 significantly reduced this measure in both cortical and LGE cultures. Nagao et al. (37) have recently shown that overexpression of the protooncoprotein Myc increased self-renewal in telencephalic progenitors. In Drosophila, the Gsx homolog Ind, is a direct target of dMyc in intermediate neuroblasts (40) . Thus Myc may regulate self-renewal in LGE progenitors, at least in part, through the up-regulation of Gsx2.
Our results demonstrate that Gsx1 and Gsx2 oppositely regulate telencephalic progenitor maturation. This differential regulation is in concordance with the negative cross-regulation that Gsx1 and Gsx2 exhibit with each other. In this manner, high levels of Gsx2 would limit Gsx1 expression and maintain progenitors in a less differentiated state, whereas the up-regulation of Gsx1 would lead to the down-regulation of Gsx2 and the subsequent maturation of progenitors. In summary, we propose a model for progenitors within the LGE (Fig. 4J) in which Gsx2 promotes self-renewal of VZ progenitors. Up-regulation of Gsx1 in cells expressing Ascl1 leads to the repression of Gsx2 and the transition from the VZ to the SVZ. The loss of Gsx1 and coexpression of Ascl1 and Dlx proteins together define neurogenic LGE progenitors.
Materials and Methods
Transgenic Mice. TetO-Gsx1-IE mice were generated as described in the SI Materials and Methods. Doxycycline hyclate (Sigma) was used to delay the activation of transgene expression in Foxg1 tTA/+ ; tetO-Gsx1-IE (i.e., Gsx1 DT) embryos. For a detailed description, see ref. 17 .
Animals. Genotyping details concerning tetO-Gsx1-IE, tetO-Gsx2-IE, Foxg1
tTA/+ , Gsx1-EGFP and and Gsx1 mice and embryos are provided in SI Materials and Methods. For staging of embryos, the morning of vaginal plug detection was designated E0.5.
Histology and Immunohistochemistry. Embryos were fixed briefly in 4% paraformaldehyde for 6 h, rinsed extensively in PBS, and cryoprotected in 30% sucrose in PBS before being sectioned at 12 μM on a cryostat. For in vivo cell cycle length and cell cycle exit studies, cryoprotected embryos were sectioned at 8 μM on the cryostat. Immunohistochemistry was done on slidemounted sections as described previously (17, 22) . For a detailed description of the antibodies used, see SI Materials and Methods.
Cell Cycle Length and Cell Cycle Exit Analysis and Quantification. Analyses were performed according to ref. 32 , as described in SI Materials and Methods.
RNA Purification and Quantitative RT-PCR Assays. Analyses were performed as described in SI Materials and Methods.
Neurosphere Culture. A modified protocol was used to culture neurospheres from E12.5 mouse embryos (37) . For a detailed description, see SI Materials and Methods.
